Background Patellofemoral malalignment associated with patella alta may cause pain and arthritis; because of this, the condition sometimes is treated surgically. Two common procedures are tibial tubercle distalization with or without patellar tendon tenodesis. However, the biomechanical consequences of these interventions for patella alta are not clearly understood. Questions/purposes We evaluated changes in patellofemoral joint contact mechanics after tibial tubercle distalization and tibial tubercle distalization combined with patella tendon tenodesis. Specifically, we asked: (1) Are there biomechanical differences between these two types of procedures? (2) Is there an ideal range to distalize the patella? Methods Subject-specific finite-element models were created for 10 individuals with patella alta (mean Insall-Salvati ratio of 1.34 ± 0.05). Input parameters for the finite-element models included subject-specific joint geometry, quadriceps muscle forces, and weightbearing patellofemoral joint kinematics. Virtual operations were conducted to simulate the two procedures. For distalization, the tibial tubercle and patella were displaced distally 4 mm to 20 mm in 4-mm increments based on the original model. At each level of distalization, the patella tendon was attached back to its original insertion to simulate the additional tenodesis procedure. Cartilage stress, contact area, and contact forces were quantified and compared between procedures and distalization levels. Results Distalization and distalization + tenodesis reduced patellofemoral joint stress compared with the baseline of 1.02 ± 0.11 MPa. Distalization led to lower cartilage stress than distalization + tenodesis, and the effect size was relatively large (0.88 ± 0.10 MPa vs 0.92 ± 0.10 MPa; mean difference, 0.04 MPa [95% CI, 0.02 MPa-0.05 MPa], p \ 0.01; effect size of 1.64 [Cohen's d], with Insall-Salvati ratio decreased to 0.95). For both procedures, the trend of stress reduction plateaued when the Install-Salvati ratio approached 0.95.
Introduction
The Insall-Salvati ratio is the length of the patellar tendon divided by the proximal-to-distal length of the patella, measured on lateral radiographs of the knee; patella alta, which is defined by an Insall-Salvati ratio greater than 1.2, is a common anatomic abnormality of the patellofemoral joint [10] . Patella alta has been reported to be associated with patella subluxation, episodic dislocation, and patellofemoral joint instability [18, 31] . Patellofemoral malalignment associated with patella alta is believed to cause excessive wear of the cartilage, contributing to the development of patellofemoral pain and arthritis [13, 15, 27] . Biomechanical studies have shown that patella alta can result in decreased patellofemoral joint contact area and elevated contact stresses [26, 30, 32] .
A common surgical procedure for patella alta is tibial tubercle distalization (referred to as distalization hereafter) [18] . By distally transferring the insertion of the patella tendon, the patella can be repositioned to an appropriate height in the trochlea, thus improving patellar stability ( Fig. 1 ). Neyret et al. [21] has suggested the patella tendon tenodesis be performed in addition to the tibial tubercle distalization (referred to as distalization + tenodesis hereafter) to restore the normal length of patella tendon and provide further patella stability ( Fig. 1 ). Clinically, studies have shown that both procedures decrease patellar height, reduce the chance of patella dislocation, and result in improved patient-reported outcomes [18] [19] [20] 24] .
Although distalization and distalization + tenodesis have been shown to relieve pain and improve patella stability [18] [19] [20] 24] , the underlying biomechanical changes associated with these two surgical procedures are not well understood. Specifically, changes in joint contact forces, contact area, and cartilage stress as a function of the magnitude of patella distalization remain unclear.
Using a finite-element analysis approach, we therefore sought to quantify the biomechanical changes associated with distalization and distalization + tenodesis. In addition, we sought to address the following questions: (1) Are there biomechanical differences between these two types of procedures? (2) Is there an ideal range to distalize the tibial tubercle?
Patients and Methods
The subjects included in this study were selected from an existing model database of the patellofemoral joint in our laboratory. This database contains subject-specific finiteelement models of women with a diagnosis of patellofemoral pain and healthy control subjects matched by age and sex. The previously established exclusion criterion used for the database included no history of knee surgery, no history of traumatic patella dislocation, and no evidence of cartilage disorders. All subjects previously had provided informed consent approved by the Health Sciences Campus of the University of Southern California. Based on the procedures described, MR images were evaluated to identify individuals in the database with patella alta. Using the criteria of an Insall-Salvati ratio greater than 1.2, 10 subjects were identified. The sample size was estimated referring to similar studies [7, 8, 25] , and because this was the number of female subjects we had available in our database. The mean age, height, body weight, and Insall-Salvati ratio of these individuals was For tibial tubercle distalization, the tibial tubercle is osteotomized as a bone block and then fixed in a distalized position. For patella tendon tenodesis, the patella tendon is sutured back to the position of its original insertion, in addition to tibial tubercle distalization. 28 ± 4 years, 1.7 ± 0.1 m, 63 ± 8 kg, and 1.34 ± 0.05, respectively. Of the 10 subjects selected, seven had symptomatic patellofemoral pain (retropatellar pain during daily activities, such as squatting, chair climbing, isometric quadriceps contraction), whereas the remaining three were pain-free.
MR Imaging and Patella Height Assessment
Each subject underwent three stages of imaging using a 3.0-T MR scanner (General Electric Healthcare, Milwaukee, WI, USA). First, high-resolution images (threedimensional [3-D] , fast Spoiled Gradient Recalled Echo [SPGR] sequence; repetition time, 14.5 ms; echo time, 2.8 ms; flip angle, 10; matrix, 320 9 320; field of view, 16 cm; slice thickness, 1.0 mm) were acquired with the knee fully extended. A second imaging protocol (3-D, fast SPGR sequence; repetition time, 14.3 ms; echo time, 3.6 ms; flip angle, 10; matrix, 320 9 160; field of view, 16 cm; slice thickness, 2.0 mm) then was performed at 45°k nee flexion with weightbearing forces equivalent to 25% body weight applied to the scanned lower limb using a MR-compatible loading apparatus. These images were used to register the geometric models built from the highresolution images, thus representing their weightbearing positions. Finally, high-resolution images of the thigh in the sagittal, axial, and coronal planes (3-D SPGR sequence; repetition time, 9.4 ms; echo time, 4.1 ms; flip angle, 20; matrix, 384 9 384; field of view, 46 cm; slice thickness, 2 mm) then were acquired. These images were used to estimate the 3-D fiber orientation and the cross-sectional area of each of the quadriceps muscles [9] .
The Insall-Salvati ratio of each subject was quantified based on the methods described by Lee et al. [16] . Using midsagittal images, patella length was measured from the tip of the superior articular margin to the distal tip of the patella. Patella tendon length was measured from the distal tip of the patella to the tibial insertion at a point where the tibial tuberosity was most prominent. The Insall-Salvati ratio then was calculated as the length of the patella tendon divided by the length of the patella.
Biomechanical Testing
Subjects were instrumented for kinematic and EMG analysis as described in previous studies [9, 12, 30] . After a standing calibration trial, subjects were asked to hold a bilateral squat position at 45°knee flexion with the trunk-maintained upright. Kinematic data were obtained using an 11-camera QUALISYS motion analysis system at 60 Hz (Qualisys Inc, Gothenburg, Sweden). Ground reaction forces were recorded at 1560 Hz using two force plates (Model OR6-6-1; AMTI, Watertown, MA, USA). EMG signals of selected knee musculature were recorded at 1560 Hz using preamplified, bipolar, surface electrodes (Motion Lab Systems, Baton Rouge, LA, USA). Kinematic, kinetic, and EMG data were recorded simultaneously. This information was used for estimation of quadriceps muscle forces, which was required as an input variable in the finite-element models (see subsequently for details).
Individual Input Variables
The input variables for the subject-specific finite-element models included joint geometry, joint kinematics, and quadriceps muscle forces ( Fig. 2 ), acquired following procedures established in previous studies [9, 12] . Briefly, individual subject joint geometry was obtained from the high-resolution MR images using a commercial software package (sliceOmatic TM ; TomoVision TM , Magog, Canada). Geometric models were registered manually to the weightbearing MR images. The 3-D force vector for each of the quadriceps muscles (rectus femoris, vastus intermedius, vastus medialis, and vastus lateralis) was estimated from the axial MR images of the thigh. Individual muscle-force magnitudes were estimated using a musculoskeletal modeling package (SIMM; MusculoGraphics Inc, Santa Rosa, CA, USA) based on subject-specific biomechanical data (kinematics, kinetics, EMG).
Finite-element Modeling
The preprocessing of finite-element models was performed in Hypermesh (http://www.altairhyperworks.com/product/ HyperMesh; Altair Engineering Inc, Troy, MI, USA). Geometric models of the femur, patella, tibia, and articular cartilage were assembled after being registered to their weight bearing positions ( Fig. 3 ). Bony structures were defined as rigid bodies. The articular cartilage of the femur and patella was modeled using homogeneous isotropic tetrahedral continuum elements with an elastic modulus of 4.0 MPa [6] and a Poisson ratio of 0.47 [3] . The element size was set to 0.75 mm based on a previous mesh convergence analysis, which showed that a smaller element size did not result in meaningful change in the results but increased the computational time [9] .
The patella tendon was modeled as six uniaxial tensileonly linear connectors with a total stiffness of 4334 N/mm. Patellofemoral joint contact was simulated with a surface coefficient of friction of 0.02 between cartilage [3, 9] . Because the soft tissues controlling the rotation of the patellofemoral joint were not included in the models (such as ligaments and peripatellar retinaculum), the rotational degrees of freedom of the patella were constrained in the frontal and transverse planes. Rotation in the sagittal plane was permitted to allow the patella the ability to accommodate the varying patella heights induced by the simulated surgical procedures described subsequently. Model simulations were performed using Abaqus software (Version 6.12; Dassault Systèmes Simulia 1 Corp, Johnston, RI, USA). The modeling approach described previously was validated in a previous study by comparing the model-predicted contact area and patella alignment with actual values as measured on weightbearing MR images, showing average deviations of 3.0% and 2.7%, respectively [9] .
Simulation of Distalization and Distalization + Tenodesis
The two surgical procedures were simulated by repositioning the patella and the tibial tubercle based on the original models. Models for distalization were created by inferiorly translating the tibial tubercle along the longitudinal axis of the tibia (Fig. 4) . Similarly, the patella was displaced distally the same distance so that the length of the patella tendon could be maintained. Multiple models were generated using various distances of distalization, ranging from 4 mm to 20 mm in 4-mm increments.
The distalization models were further modified to simulate distalization + tenodesis. This was done by restoring the patella tendon insertion to its original position after distalization of the patella (thus resulting in a shortened patella tendon; Fig. 4 ). The Insall-Salvati ratio was reevaluated in each derived model. For distalization and distalization + tenodesis, the length of the patella tendon was quantified from the distal pole of the repositioned patella to the site of the original patella tendon insertion. The mean Insall-Salvati ratio of all subjects before model manipulation was 1.34 ± 0.05. On average, distalization of the tibial tubercle by 4 mm decreased the Insall-Salvati ratio by 0.1. In addition, the maximum amount of distalization evaluated (20 mm) reduced the mean Insall-Salvati ratio to 0.85 ± 0.07. Given that the changes in patella position would influence the moment arm of the quadriceps muscle group, muscle forces were scaled such that each model simulation had the same knee extension moment to that of the original model. The extensor moment arm was calculated based on the flexion-extension axis of the knee, which was estimated by finding the line connecting the centers of the posterior femoral condyles. As such, models for each subject had varied muscle force inputs but an identical knee moment output.
Data Analysis and Statistics
Three parameters were output from finite-element models to quantify contact mechanics: mean cartilage stress, contact area, and contact force of the patellofemoral joint. To compare surgical procedures across various levels of patella distalization, a 2 9 6 (procedure 9 position) ANOVA with repeated measures was performed. In the case of a significant interaction, separate one-way repeated measures ANOVAs were performed in each surgical procedure. In addition, paired sample t-tests were used to compare between procedures at the each distalization level. All analyses were repeated for cartilage stress, contact area, and contact force. 
Results

Biomechanical Comparison Between Distalization and Distalization + Tenodesis
The cartilage stress was found to be lower in the distalization group than the distalization + tenodesis group, at each distance of tibial tubercle distalization (Table 1) . Large effect size (Cohen's d) could be observed (mean, 1.60; range, 1.32-1.95). When averaged across distalization distances, distalization and distalization + tenodesis reduced the cartilage stress to 0.91 ± 0.10 MPa and 0.94 ± 0.10 MPa, respectively, compared with the baseline of 1.02 ± 0.11 MPa.
The contact area was found to be higher in the distalization + tenodesis group than in the distalization group at each distance of tibial tubercle distalization ( Table 2) . When averaged across distalization distances, distalization and distalization + tenodesis increased the contact area to 279 ± 46 mm 2 and 284 ± 45 mm 2 , respectively, compared with the baseline of 268 ± 39 mm 2 .
The contact force was found to be lower in the distalization group than in the distalization + tenodesis group at each distance of tibial tubercle distalization (Table 3) . When averaged across distalization distances, distalization and distalization + tenodesis reduced the contact force to 430 ± 94 N and 456 ± 92 N, respectively, compared with the baseline of 487 ± 105 N.
Biomechanical Comparison Among Distalization Distances
Cartilage stress tended to decline alongside tibial tubercle distalization, but plateaued when the Insall-Salvati ratio approached approximately 0.95 ( Fig. 5 ). For distalization, cartilage stress was lower when the patella was translated distally 4 mm, 8 mm, and 12 mm compared with baseline. Translation of 16 mm and 20 mm did not result in a decrease in cartilage stress compared with 12 mm (Table 4 ). For distalization + tenodesis, cartilage stress was lower when the tibial tubercle was translated distally 8 mm compared with baseline. Translation of 12 mm, 16 mm, and 20 mm did not result in decreased cartilage stress compared with 8 mm ( Table 4 ).
The contact area tended to increase alongside tibial tubercle distalization for distalization + tenodesis, but not for distalization; the trend plateaued when the Insall-Salvati ratio approached approximately 0.95 ( Fig. 6 ). For distalization, the contact area was greater when the tibial tubercle was translated distally 16 mm compared with baseline. Translating the tibial tubercle to 20 mm did not result in increased contact area compared with 16 mm ( Table 5 ).
The contact force tended to decline alongside tibial tubercle distalization (Fig. 7) . For distalization, the contact force was lower when the tibial tubercle was translated distally 4 mm, 8 mm, 12 mm, and 16 mm compared with baseline; for distalization + tenodesis, the contact force was lower when the tibial tubercle was translated distally 8 mm compared with baseline ( Table 6 ).
Discussion
Patella alta has been shown to result in reduced contact area and elevated stress of the patellofemoral joint [30] .
Excessive stress exposure has been shown to cause accelerated wear of cartilage, leading to the initiation and progression of osteoarthritis [4, 5] . Tibial tubercle distalization and tibial tubercle distalization with patella tendon tenodesis are effective procedures in treating patella alta. However, the underlying biomechanical changes associated with these two procedures are not well understood. We investigated the contact mechanics of the patellofemoral joint after the two procedures at various distalization levels using finite-element methods, with the aim of identifying the better procedure and the ideal distalization level. We found that tibial tubercle distalization led to lower cartilage stress than distalization + tenodesis. The distalization level that reduced the Insall-Salvati ratio to approximately 0.95 resulted in the lowest cartilage stress, which could not be decreased further by additional distalization.
As with any computation study related to clinical practice, there are important limitations that need to be considered when interpreting the results. First, the biomechanical parameters were quantified at only 45°knee flexion. As such, contact mechanics at larger or smaller knee flexion angles cannot be directly inferred from this study. Nevertheless, we speculate that distalization may still have advantages over distalization + tenodesis at other knee flexion angles in terms of contact stresses, as the anatomic features associated with the two procedures can be maintained. Future studies using dynamic finite-element models which can quantify cartilage stresses across a wide range of knee flexion angles may be able to overcome this limitation. Second, we simplified the finite-element models by constraining patella rotation in the transverse and coronal planes, which substituted for the function of peripatellar soft tissue. A more-advanced model with complete soft tissue simulation would likely yield results that would be more generalizable clinically. Third, the potential changes in patella tendon stiffness and passive quadriceps muscle tension were not considered after tenodesis. However, given the relatively high stiffness of the patella tendon and relatively low level of quadriceps muscle loading used in this study, we speculate that our findings would not have been affected by these methodologic assumptions.
Additional limitations include the use finite-element models created from a relatively small number of females with and without patellofemoral pain using a single criterion (Insall-Salvati ratio [ 1.2) . Other anatomic characteristics that may have affected patellofemoral stability were not specifically considered in our selection criteria. As such, the generalizability of our results may be limited. Additionally, we compared only direct distalization procedures, however, medialization of the tibial tubercle also is used frequently in treating patella alta. Finally, the results of our study were based on computational simulations and thus remain at a theoretical level. Nonetheless, our findings provide empirical data to support the development of clinical studies related to both procedures. Clinical trials with patient followup will be necessary before any conclusions can be applied to practice.
A primary finding of our study was that both procedures reduced patellofemoral joint stress compared with the initial model condition. However, distalization can lead to lower cartilage stress than distalization + tenodesis at each distalization level. In addition, the former needed less distalization distance to achieve a lower stress level in relation to the baseline. A possible explanation for this result is the more-distal insertion of patella tendon. The lower insertion resulted in an increased moment arm of the patella tendon about the knee axis of rotation, thus reducing the quadriceps muscle force and patella tendon force required to generate the required knee moment (which was held constant throughout the study). In addition, the lower tendon insertion associated with distalization resulted in a more-vertical line of pull of the patella tendon compared with distalization + tenodesis, thus effectively reducing the resultant (compressive) force of the quadriceps and patella tendon force vectors. This is in agreement with results reported by Ahmad et al. [1] of an experimental study which tested the effects of different patella tendon length and insertion on patellofemoral biomechanics.
The benefits of distalization have been well documented in previous clinical studies [2, 22, 23] . Poor patellofemoral anatomy, such as lateral tilt of patella can be improved substantially after surgery [22, 23] ; patient-reported outcomes such as the Lysholm and Kujala scores also could be substantially improved [2, 22, 23] . Distalization + tenodesis also showed ideal clinical outcomes at long-term followup, in objective and subjective assessments [20] . According to the results of the current study, distalization might be the more favorable of the two procedures, as it not only reduced cartilage stress more effectively, but also saved an extra step of patella tendon tenodesis, which could help reduce the time and cost of the surgery. Nevertheless, there may be extra benefits associated with use of the additional tenodesis for the treatment of patella alta. For example, patella alta has been shown to result from an elongated patella tendon as opposed to a more-proximal patella tendon insertion [21] . It has been suggested that an elongated patella tendon may be a risk factor for patella instability in the coronal plane [20, 21] . Thus, shortening of the patella tendon may provide additional benefits beyond relief of cartilage stress. Future long-term clinical studies of the two procedures, doing anatomic measurements, and obtaining patient-reported scores would provide more and stronger evidence.
Our model suggested that the favorable level to distalize the tubercle was to restore the Insall-Salvati ratio to approximately 0.95. A distalization of 4 mm decreased the Insall-Salvati ratio by 0.1, therefore patient-specific distalization distance may be quantified based on preoperative measurements. The relationship between patellofemoral contact mechanics and patella height have been investigated. Ward and Powers [30] reported that a high-riding patella led to increased patellofemoral stress during walking and running compared with patellas from healthy controls. Similar results were reported by Luyckx et al. [17] for simulated knee bending. On the contrary, the patellofemoral joint could benefit with lowering the patella height from high, as seen in our study. However, excessive distalization of the tibial tubercle could cause patella infera, which did not seem to have additional benefits. Using mathematical calculation [29] and cadaver tests [26] , these studies suggested that a low-lying patella could result in lower patellofemoral contact forces compared with normal, which corresponded to results in our study. In addition, we found that cartilage stress plateaued when patella height had been corrected close to normal (Insall-Salvati ratio approximately 1.0); further distalization did not provide lower values. Clinically, a low-lying patella or elevated tibiofemoral joint line also may lead to several complications such as joint stiffness, decreased ROM, and anterior knee pain [11, 14, 28] . Therefore, we advocate proper distalization of the tibial tubercle to correct the Insall-Salvati ratio to normal. Overdistalization is not suggested.
Distalization and distalization + tenodesis can effectively improve patellofemoral joint contact mechanics. However, this finite-element analysis suggests that lower cartilage stresses can be achieved using distalization. An Insall-Salvati ratio of 0.95 appears to be an ideal level of distalization. Our study was based on model simulation, therefore the results should be verified by future clinical studies which will provide more and stronger evidence for surgeons to translate the conclusions into clinical practice.
